The entire coding region of the Bacillus thuringiensis HD73 crystal protein gene was subclohed from plasmid pJWK20 into the integration vector pUG2-15. This plasmid expresses chloramphenicol resistance when integrated into the Bacillus subtilis chromosome in the outH locus near the recE region. The correct molecular organization of the integrated plasmid was verified by hybridization to Southern blots of chromosomal DNA digests. Production of the toxic crystal protein was monitored at different time points during the life cycle of B. subtilis. Toxicity assays against Anagasta (Ephestia) larvae, direct electron microscopy crystal detection, and immunoblotting assays proved that the expression of the gene in B. subtilis is time regulated and restricted mainly to the sporulation stage. RNase protection experiments defined the transcription initiation start point and the transcription timing. All tests were made in a strain containing one to three copies of the integrated plasmid and in a strain subjected to an amplification regimen.
The gram-positive sporeformer Bacillus thuringiensis is well known for its ability to produce, during sporulation, proteinaceous crystals highly toxic to insect larvae. A vast number of subspecies of B. thuringiensis have been described which differ in plasmid patterns and specificity of action of the protein, also called delta-endotoxin. Several of the genes encoding the toxin have been cloned, sequenced, and expressed in various hosts (4, 22) . B. thuringiensis strains may contain more than one gene coding for deltaendotoxin; therefore, cloning of the toxin gene in a different host is a necessary step in the study of the organization and regulation of expression of the genes and in the identification of the gene products and their modes of action. In addition, molecular cloning may be useful for applicative purposes, since it allows the production of a single entomocidal polypeptide without the possibilities of genetic rearrangements and subsequent modifications of the commercial product. Among the possible hosts for the delta-endotoxin gene, Bacillus subtilis should represent a bacterium of choice because of its phylogenetic relationship to B. thuringiensis.
It can be expected that the transcriptional and translational mechanisms of B. subtilis are very similar to those of B. thuringiensis, and therefore it should be possible to obtain faithful expression of the cloned genes. That this is indeed the case has been shown by Shivakumar et al. (20) , who first reported the correct expression of the B. thuringiensis delta-endotoxin gene in B. subtilis, using a replicative plasmid. In B. subtilis, segregational and structural instability of plasmids has often been observed (6, 14) . One way of circumventing both problems is to use integrational vectors, which cannot replicate autonomously in B. subtilis but which can integrate into the chromosome if they carry a DNA fragment homologous to a chromosomal sequence. Plasmid pJH101 (10) is well suited to the purpose because it is stable once inserted into the chromosome and has the additional advantage of allowing gene amplification through growth of * Corresponding author. Escherichia coli HB101 (F-hsdS20 recA13 ara-14 proA2 lacYJ galK2 rpsL20 xyl-5 mtl-l supE44) and JM103 [supE44 thi rpsL20 endA hspR4 A(lac-proAB) F' traD36 proAB lacIq ZAM15] were used for transformation by the calcium shock procedure (9) and plasmid propagation. The [11] ), B. thuringiensis DNA derived from pJWK20 (pUGK, thin line [15] ), the pJH101 vector sequence (heavy line [10] ), and the DNA fragment derived from the B. subtilis chromosome (hatched box [12] (10 p.g/ml) were selected and screened for sensitivity to tetracycline (12.5 p.g/ml). The final plasmid was designated pUGK (Fig. 1) .
Plasmid pSK is a derivative of pSP64 (16) . Other methods. Chromosomal DNA extraction, agarose gel electrophoresis, labeling of DNA probes, and blot hybridization were carried out as described previously (3) . RNA extraction and RNase mapping were also performed as described elsewhere (2) . Briefly, plasmid pSK linearized with EcoRI was the template for synthesis of the antisense probe. The labeled probe was hybridized to in vivo RNA; after RNase digestion, the RNA-RNA duplexes were recovered by ethanol precipitation. Samples were denatured for 5 min at 90°C and analyzed on 5% acrylamide gels containing 8 M urea. The gels were exposed to X-ray film for 48 h.
RESULTS
Construction of an integrative plasmid carrying the toxin gene. The source of the gene coding for the crystal protein was plasmid pJWK20, carrying a 13.6-kbp fragment derived from B. thuringiensis subsp. kurstaki HD73 (15) . A segment of 6.3 kbp comprising the coding portion of the toxin was subcloned in two steps in a derivative of pSGMU2 (11) containing an insert obtained from the B. subtilis a-amylase gene (Fig. 1) . Since we encountered some difficulties with pJW5, the toxin gene was moved from it into pUG2-15, a derivative of pJH101 (10) carrying a PstI fragment of 1.7 kbp originating from the chromosome of B. subtilis and located between dnaA and recE (12) . The final plasmid, called pUGK ( Fig. 1) , was thus a derivative of pJH101 carrying the entire coding sequence for the crystal protein and 1.7 kbp homologous to a chromosomal sequence of B. subtilis.
The plasmid is unable to replicate in B. subtilis and can transform competent cells to chloramphenicol resistance by homologous recombination between the plasmid and the chromosome (10) . Transformants resistant to 5 p,g of chloramphenicol per ml were obtained in high yield after 24 h of incubation at 37°C. Southern analysis of the DNA extracted from the transformants showed that the plasmid was correctly inserted into the chromosome by a Campbell-like mechanism (Fig. 2) . The DNA of some of the transformants examined gave a pattern consistent with the presence of a single plasmid integrated into the chromosome. After digestion with EcoRI and hybridization to pUGK labeled by nick translation, four bands, corresponding to 12.5, 5.5, 5.0, and 0.72 kbp, appeared in the autoradiographs (Fig. 3 , lane ::UGK). With the pUG2-15 vector used as a probe only two bands could be seen, one of 12.5 and the other of 5.0 kbp (data not shown). The results obtained with other transformants showed the presence of an additional band of 7.5 kbp when probed with both plasmids, which suggested amplification of the inserted plasmid (Fig. 3, lane : :UGK*). This finding is in accordance with previous results regarding duplication of inserted sequences at concentrations of chloramphenicol as low as 5 pug/ml (3) . Four transformants were subjected to an amplification regimen by exposure to increasing concentrations of antibiotic. DNA extracted from strains resistant to 100 ,ug of chloramphenicol per ml, digested with EcoRI, and stained with ethidium bromide showed the presence of three prominent bands of 7.5, 5.5, and 0.72 kb, respectively, as expected for samples in which the integrated plasmid has been amplified (Fig. 4 , lane ::UGK100). Hybridization analysis confirmed that the bands were indeed derived from pUGK (Fig. 3 , lane ::UGK100).
No attempt has been made to measure the copy number of the amplified plasmids; however, from our previous experience (3) and data from Piggot and Curtis (17), we presume that the unit is repeated between 10 and 20 times.
It was desirable to know whether the amplified state could be maintained in the absence of selective pressure. To this end, one amplified strain was grown for approximately 30, 60, and 100 generations in the absence of chloramphenicol. DNA was extracted, restricted with EcoRI, and analyzed by gel electrophoresis and ethidium bromide staining. No apparent loss of copies was observed for any sample (Fig. 4,  lanes A, B, and C) .
Antigenic analysis of recombinant B. subtilis strains. Cell extracts were prepared from B. subtilis PB1424(pUGK), and a derivative [PB1424(pUGK100)] subjected to amplification.
The extracts were obtained from different stages of the cell cycle; i.e., in exponential growth, at the beginning of the stationary phase (TO) and at T4, T7, T18, and T23. Western blot (immunoblot) analysis of the cell extracts was performed with polyclonal antibodies raised against purified crystal proteins of the B. thuringiensis donor strain. The B. subtilis extracts contained a polypeptide antigen with electrophoretic mobility the same as (or very similar to) that of the dissolved B. thuringiensis crystal protein (Fig. 5) . The antigen was missing from a B. subtilis strain transformed with the vector plasmid pUG2-15 and amplified. In strain PB1424(pUGK), bearing one or few copies of the plasmid, the antigen was first detected at T4, whereas in the amplified ua. strain the antigen was present at a low level even during exponential growth. In these latter strains, samples obtained late during sporulation showed, in addition to the 133-kilodalton polypeptide, a number of discrete bands of lower molecular size (in the range of 72 to 53 kilodaltons), possibly as a result of degradation of the crystal protein. The total amount of antigen present at T23 represented about 5% of total protein.
Insect toxicity bioassay. The B. subtilis strains expressing the crystal protein antigen were assayed for lethality to neonate A. kuhniella (European flour moth) larvae by incorporation of samples of total cultures into an artificial diet. The results indicated that the recombinant B. subtilis strains were toxic to the lepidopteran larvae (Table 1 ). With cultures of strains containing few copies of pUGK, we observed 30% mortality at a dose corresponding to 70 ,ul of total culture (see Materials and Methods for the conditions of bioassay). Mortality was higher (up to 53%) at the same dose for cultures obtained from strains subjected to an amplification regimen. Controls, which were cultures of the strain containing the vector pUG2-15, both amplified and nonamplified, had no toxic effect in A. kuhniella larvae. The difference in toxicity between amplified and nonamplified strains bearing pUGK was less than expected but could be explained by the partial degradation of the delta-endotoxin in the amplified cultures (Fig. 5) and by the presence of multiple copies of the integrated plasmid in the strain maintained in 5 ,ug of chloramphenicol per ml, which we consider nonamplified (see, for instance, Fig. 3 , lane ::UGK*). Under the same assay conditions, cultures of B. thuringiensis HD73 were five times more effective than pUGK100. It should be stressed that the bioassay results obtained from this type of experiment, in which the entire bacterial culture is added to the feeding diet, can be considered only qualitative. For this reason, any comparison with the activity observed in the B. thuringiensis preparation for the purpose of estimating the potency of the B. subtilis preparation is unrealistic.
Transcriptional start sites in B. subtilis. It has been reported that in B. thuringiensis subsp. kurstaki HDI-Dipel, transcription of the crystal protein gene is initiated from two start sites (22) . It was of interest to know whether the B. subtilis transcriptional mechanism was capable of initiating transcription at the same sites as are utilized by B. thuringiensis. We used RNase protection experiments to study the in vivo start sites of transcription in B. subtilis. In vivo RNA was hybridized to labeled anti-mRNA synthesized in vitro by phage SP6 RNA polymerase on a template consisting of 259 bp of the toxin gene. The DNA extended from 153 bp upstream to 106 bp downstream of the AUG codon (Fig. 6) . After hybridization to the RNA extracted from vegetative cells and cells at various stages of sporulation, the samples were treated with RNase and the protected fragments were resolved on denaturing urea-acrylamide gels (Fig. 7) (Fig. 4) .
Synthesis of the delta-endotoxin in strains with the amplified plasmid was not concomitant with sporulation; the antigen was already detectable during vegetative growth. A similar dissociation of expression of the toxin gene from sporulation has been observed in B. subtilis strains with multiple copies of the gene on a plasmid (20) . Such an effect could be due to a high copy number of the promoter region, with subsequent escape from regulation, or to the absence of regulatory regions in the cloned DNA. We deliberately excluded from our construction a large portion of DNA sequence upstream of the promoter region in order to avoid the negative controlling elements reported by Wong et al. (23) and Schnepf et al. (18) .
Our experiments aimed at defining the in vivo start sites of transcription show that the toxin gene is transcribed by B. subtilis RNA polymerase correctly, giving rise to transcripts of the same size as those found in B. thuringiensis. The timing of utilization of the two tandem promoters is also reminiscent of the situation found in B. thuringiensis (23) .
The regulatory elements of the toxin genes should be amenable to physiological and genetic studies in B. subtilis.
